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Perceptual learning and top-down influences iIn

primary visual cortex

Wau Li, Valentin Piéch & Charles D Gilbert

Neuronal responses at early stages in visual cortical processing, including those in primary visual cortex (V1), are subject to the
influences of visual context, experience and attention. Here we show that for monkeys trained in a shape discrimination task, V1
neurons took on novel functional properties related to the attributes of the trained shapes. Furthermore, these properties
depended on the perceptual task being performed; neurons responded very differently to an identical visual stimulus under
different visual discrimination tasks. These top-down influences were seen from the very beginning and throughout the entire
time course of the neural responses. Information theoretic analysis showed that neurons carried more information about a
stimulus attribute when the animals were performing a task related to that attribute. Our findings suggest that the output from

V1 reflects both sensory and behavioral context.

Perceptual learning, a form of implicit memory, is an improvement
in sensory discrimination after an extended period of practice. In
the visual system, training can improve the discriminability of spa-
tial resolution!™, orientation>®, direction of motion’, the wave-
form of sinusoidal stimuli®, texture® and depth!®!!. An increasing
body of evidence implicates plasticity of early sensory cortex in
perceptual learning. The response properties of neurons, the struc-
ture of receptive fields (RFs) and the topographical map of the cor-
tex can be altered by sensory experience (for review, see refs. 12,13).
In primary somatosensory and auditory cortex, perceptual learning
may lead to ‘cortical recruitment, a remapping of the cortical rep-
resentation of the sensory surface that results in larger representa-
tion of the trained area!®!>, In primary visual cortex (V1), on the
other hand, after extensive training in a visual discrimination task,
there is no significant change in the cortical area representing the
trained part of visual space, nor in certain simple RF attributes!®!7,
Training does have profound effects in V1 (ref. 18), however,
notably on the contextual influences mediating the selectivity of
neurons to complex stimuli'®.

Response properties of V1 neurons are dynamic. They can be
modified by stimulus context!*-2%, visual experience!®!8 and atten-
tional state!®30-33. The dynamic properties and plasticity of V1
neurons suggest a direct involvement of V1 in analyzing more com-
plex features of the visual environment and in mediating higher-
order cognitive influences. Our previous work has shown an
interaction in V1 among spatial attention, visual context and per-
ceptual learning!®. In the current study, to isolate the contribution
of perceptual task, we trained the monkeys to do two different dis-
crimination tasks with the same visual stimulus at the same visual
field location. We observed striking task-related effects on response
properties of V1 neurons.

RESULTS

Task modulation of contextual influences

Our experimental design allowed a dual dissociation between two
perceptual tasks and two RF properties (Fig. 1a). The visual stimuli
consisted of five line segments, a central line fixed in the RF center
and paralleled side-by-side and end-to-end by four additional flank-
ing lines surrounding the RE. Two monkeys were trained to perform
two visual discrimination tasks based on different attributes of the
five-line stimuli. In the bisection task, the task-relevant components
were the three side-by-side lines. In different trials, the two side flanks
were positioned randomly at one of five possible positions. In one
position, the three lines were equidistant, and in the other four posi-
tions, either flank was placed closer to the central line with varying
separation. The task was to determine to which of the two flanks the
central line was closer. In the vernier task, the task-relevant compo-
nents in the five-line stimuli were the three lines placed end-to-end.
In different trials, both end flanks were positioned randomly at one of
five positions, one collinear with the central line and two positions on
either side of the central line with varying displacement. The task was
to determine to which side of the flanks the central line was displaced.
The animal was cued to the task by color difference, with task-
relevant components shown in green and task-irrelevant components
shown in white (insets in Fig. 1b,c). During V1 recording sessions, the
contrasts of the three task-relevant green lines and the two task-
irrelevant white lines were adjusted so that a single green line and a
single white line presented in the RF alone elicited the same mean
responses. The animal indicated its choice in the task by making a sac-
cade to either of two targets displayed after the five-line stimulus was
extinguished. From the psychometric curve (Fig. 1b,c), we were able
to determine that the animal was performing the cued task and was
not influenced by the positions of the task-irrelevant lines.
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The monkeys were initially trained with simplified displays of three
side-by-side lines or three end-to-end lines. After their thresholds for
bisection and vernier discrimination reached asymptote (Fig. 1d), the
two sets of three-line stimuli were combined to form the five-line
array, and the monkey was trained to perform the cued tasks with the
presence of both task-relevant and task-irrelevant lines. Further
training generalized the task to different orientations. Repeating
bisection and vernier tasks at the same spatial location and on the
same stimulus patterns allowed a dual dissociation of contextual tun-
ing (response modulation by side flanks versus end flanks) and
behavioral task (bisection versus vernier discrimination). This
allowed us to explore the effect of the discrimination task independ-
ent of stimulus context and of attention to spatial location.

We measured neuronal responses as a function of side-flank posi-
tion (referred to as ‘side-flank offset tuning’) or end-flank position
(‘end-flank offset tuning’). When generating a side-flank offset tuning
function, at each position of the side flanks, we pooled and averaged
the five conditions with different positions of the end flanks (a col-
umn in the 5 x 5 stimulus array, Fig. 1a). Similarly, when generating
an end-flank offset tuning function, we pooled the five conditions
sharing the same end-flank position but with different side-flank

Figure 1 Stimulus and behavior paradigms. (a) The 5 x 5 stimulus array
upon which two different discrimination tasks were performed. (b,c) Typical
psychometric function (green curve) measured for the bisection (b) and
vernier (c) tasks, using the five-line stimuli. The black dashed curve was
constructed by assuming that the animal responded to the offsets of the
task-irrelevant flanks rather than the task-relevant flanks. Note that the
monkey’s behavioral responses were strongly associated with the cued task,
but were not affected by the irrelevant stimulus flanks. (d) Learning curves
of a monkey in a simplified bisection and vernier task, where either three
side-by-side or three end-to-end lines were displayed horizontally at 1.4°
eccentricity. Each data point was based on 300 responses. The bottom
horizontal lines indicate thresholds measured 3 months after training.

positions (a row in the 5 x 5 stimulus array, Fig. 1a). To determine the
modulation of neuronal responses by the offset of stimulus flanks, the
central position of the tuning curve was used as a reference, where the
central line of the five-line stimulus array was equidistant from the
two side flanks in the side-flank offset tuning or was collinear with the
two end flanks in the end-flank offset tuning. Any significant devia-
tion of the neuronal response in other offset conditions relative to the
zero offset condition provided a measure of the modulation induced
by varying the offset of stimulus flanks. The side- or end-flank offset
tuning function was compared under both bisection and vernier task
conditions where the examined flanks were task-relevant in one con-
dition but not the other.

When the animal performed the bisection task where the side
flanks were task-relevant, some cells showed substantial positive
modulation by the offset of the side flanks (Fig. 2a). In contrast,
when the animal performed the vernier task where the side flanks
were task-irrelevant, there was weak negative modulation for the
same cells. This task-related effect can be clearly seen in the V-
shaped differential tuning curve (Fig. 2e), which provides a meas-
ure of the magnitude and shape of the difference between the offset
tuning curves for the same contextual influence under the two
behavioral conditions.

The task-related effect varied from cell to cell. Whereas the neuron
in Figure 2a showed positive modulation by lateral offsets of the side
flanks in the task-relevant condition, others showed negative modula-
tion (Fig. 2b), and still others showed asymmetric influences, with
positive (Fig. 2¢) or negative (Fig. 2d) modulation when the offset of
side flanks was to one side or the other in the task-relevant condition.
When the side flanks were task-irrelevant, the side-flank offset tuning
curves were generally flatter, indicating a weaker modulation, than
those in task-relevant conditions (Fig. 2a,c,d). Even when the modu-
lation amplitude looked similar under both task conditions, the tun-
ing curve frequently changed shape (Fig. 2b).

Similar task dependency was observed in the end-flank offset tun-
ing function (Fig. 3). For the neurons shown, when the animal per-
formed the vernier task where the end flanks were task-relevant, the
shape of the end-flank offset tuning curve differed markedly from the
curve obtained when the animal performed the bisection task, where
the end flanks were task-irrelevant. The differential end-flank offset
tuning curve could be V-shaped (Fig. 3e), caret-shaped (Fig. 3f) or
asymmetric (Fig. 3g,h). Furthermore, when the end flanks were task-
irrelevant, the end-flank offset tuning curves were generally flatter
than those in task-relevant conditions (Fig. 3a,c,d).

No obvious relationship was observed for individual neurons in the
task-related effects between the side- and end-flank offset tuning func-
tions. The shape of the offset tuning curves and the differential tuning
curves or the strength of the task-related effect could be different for
the same cell in the side- and end-flank offset tuning functions.
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Figure 2 Task modulation of side-flank offset
tuning. The top panel shows the stimulus
paradigms used in task-relevant and task-
irrelevant conditions. (a—d) Side-flank offset
tuning curves of four examples of cells when the
side flanks were task-relevant (red curves) and
task-irrelevant (black dashed curves). Asterisks
indicate that the difference in mean responses
between the two tasks was significant (¢-test, 90
P < 0.05). (e-h) Differential side-flank offset
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different aspects of the task-related effects: the
modulation index, the asymmetry index and
the average ‘mutual information’ between the
number of spikes elicited in a trial and the task
stimulus presented (see Methods).

The modulation index provides a measure of the magnitude of
change of neuronal responses induced by the lateral displacement of
the stimulus flanks'®. The mean modulation index across the popula-
tion of cells was higher in the task-relevant than task-irrelevant con-
dition (Fig. 4a). The two clouds in Figure 4a are the modulation
indices generated by 1,000 Monte Carlo simulations (see Methods)
for side- and end-flank modulation, respectively. Since the mean
modulation index was above the diagonal and clearly separated from
the simulated clouds of data points, the same stimulus context did
produce significantly higher modulation of neuronal responses when
they were task-relevant than when they were irrelevant.

As the discrimination tasks required the animal to identify the
direction of an offset, cells showing asymmetric task-related effects
(Fig. 2¢,d and Fig. 3c,d) should be more useful for solving the task
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than those showing symmetrical modulation. This property was
quantified by an asymmetry index (see Methods). As with the modu-
lation index, the asymmetry index was significantly higher in the
task-relevant than task-irrelevant condition for both side- and end-
flank modulation (Fig. 4b).

A third measure of the difference in tuning under the task-relevant
and task-irrelevant conditions as well as the utility of the changes in
performing the task was that of mutual information. Information
theory®* provides a rigorous measure of the changes in offset tuning
functions between task-relevant and irrelevant conditions, and also
tells us to what extent an ideal observer could categorize the stimulus
from knowing the spike count of one cell during one trial. The corre-
sponding measure is the average mutual information between the
response of a cell in a trial and the task stimulus eliciting it.

For both side- and end-flank modula-

tion, the mutual information was signifi-
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location by itself generally increased neu-
ronal responses relative to the attending-
away condition. At the higher response levels
seen under the attending-to condition, per-
forming the bisection task led to a further
differential modulation of the side-flank off-
set tuning function relative to when the ani-
mal performed the vernier task.
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Figure 4 Population analysis of the task-related effect (n = 51). Comparisons between task-relevant
and task-irrelevant conditions of (a) mean modulation index, (b) mean asymmetry index and (c) mean
mutual information. Red +: side-flank offset tuning. Blue x: end-flank offset tuning. The red and blue
clouds of dots are Monte Carlo simulations of data for side- and end-flank modulation, respectively.

Attending to the RF location did not always
facilitate responses, as seen earlier’®3!, For
some cells, we observed a general suppression
in the attending-to condition (Fig. 5¢), where
the two end-flank offset tuning curves in the
attending-away conditions were elevated sub-

One should be aware that, when examining the side-flank (or end-
flank) modulation, stimulus conditions sharing the same side-flank
(or end-flank) position but different end-flank (or side-flank) posi-
tions were pooled (Fig. 1a). This would have the effect of decreasing
the mutual information due to an increase of the variability of neu-
ronal responses induced by position shifts of the flanks not relevant to
the analysis, and thus the values shown in Figure 4c are only conser-
vative estimates.

Effects of spatial attention

In the experiments described so far, the animal did the discrimina-
tion tasks by attending to the five-line stimulus at the RF location
(Fig. 5a, 1 and 3). To explore the influence of the locus of spatial
attention on contextual tuning, we introduced two ‘attending-away’
conditions (Fig. 5a, 2 and 4). In the attending-away conditions, the
animal did the bisection or vernier task in the hemifield contralateral
to the RF, while the five-line stimulus array was still presented at the
RF location as a test stimulus. Because of the number of stimulus
conditions in this experiment (4 behavioral conditions X 25 stimulus
patterns), we were able to complete this set on a small proportion of
recorded single units.

The side-flank offset tuning functions under the four behavioral
conditions are shown for a V1 neuron in Figure 5b. In the attending-
to conditions, consistent with Figure 2, the task-relevant tuning curve
was very different from the task-irrelevant one. By contrast, the two
curves in the attending-away conditions were very similar to each
other, and both were substantially below the two curves made from
the attending-to conditions. When the monkey did the vernier task at
the RF location (where the side flanks were task-irrelevant), although
the side-flank offset tuning curve was substantially above the two
curves from the attending-away conditions, their shapes were similar
to each other when scaled to the same level. These curves were very
different, on the other hand, from the trials when the animal per-
formed the bisection task at the RF location (where the side flanks
were task-relevant). For this neuron, therefore, attending to the RF

Figure 5 Effects of spatial attention. (a) The cartoons illustrate the stimulus
paradigms: 1, bisection task at the RF location; 2, bisection task in
hemifield opposite to the RF of the recorded neuron; 3, vernier task at the
RF location; 4, vernier task in the hemifield opposite to the RF. (b) Side-
flank offset tuning curves from a cell under the four test conditions. Each
curve is numbered by the test condition shown in a. The dashed black curve
represents curve 3 scaled to the level of curves 2 and 4. (c) End-flank offset
tuning curves from another cell. The dashed black curve represents curve 1
scaled to the level of curves 2 and 4. Error bars represent + s.e.m.

stantially above the two curves in the attend-
ing-to conditions. The two curves in the
attending-away conditions and the curve in the attending-to but task-
irrelevant condition had similar shapes, as seen by rescaling, but all
differed from the curve in the task-relevant condition.

The color change used to cue the task in the five-line stimulus did not
interfere with the observation of a task-related effect (Fig. 5) because
the tuning curves in the two attending-away conditions were very close
to each other despite the color difference in the five-line stimuli.
Although the color change by itself in the absence of attention was
insufficient to cause the differential effect that we observed, one might
argue that an interaction between the color of the stimulus and attend-
ing to color could produce such a difference. To address this issue, we
conducted a control experiment in which the monkey performed a
simple three-line bisection task at the RF location. Here the two end
flanks in the five-line stimuli were removed and only the three side-by-
side lines were shown (Fig. 6b insets). While the color of the central line
was kept green, the two side flanks were either green or white, as in the
other experiments with five-line stimuli. For two representative cells
(Fig. 6a) the shapes of the offset tuning curves were almost identical
regardless of the color difference of the stimulus flanks. The averaged

8 -

= FP

O w0

g E L] L]

L P o
5 ere e

task

-

- -
/@ /@

Vernier

Attendingto  Attending away

N
o
o

Cell 2

Cell1 3rc

Response (spikes/s)
N
o

-2 -1 0 +#1 +2 -2 -1 0 +1 +2

Side-flank offset End-flank offset

o

654

VOLUME 7 | NUMBER 6 | JUNE 2004 NATURE NEUROSCIENCE



l@ © 2004 Nature Publishing Group  http://www.nature.com/natureneuroscience

a 60r o Green flanks
—aA—  White flanks
2
8 30}
=
o
@ Cell 1
0]
A
8. 20 1
0
]
—
c
@®
(0]
= 10
Cell 2
0 1 L 1 1 1
-2 -1 0 +1  +2
Side-flank offset
b 0.25  Mutual information (bit)
2 ’
c
@
Y= 020
[0)
S
)
c
0]
—
(O]
0.10 : * ’
0.10 0.15 0.20 0.25
White side flanks

mutual information across the population (Fig. 6b) lay on the diagonal
and within the cloud of Monte Carlo simulations, indicating no signif-
icant difference in mutual information between the two test conditions,
where the task was the same three-line bisection discrimination, but the
colors of the stimulus flanks were different. Here, because no pooling
over end-flank positions was required, there was lower variability of
neuronal responses at each side-flank position and thus higher mutual
information than that seen in the experiments involving a five-line
stimulus configuration.

Timing of the task-dependent effects

One indication of the locus of interaction between the top-down
influence of behavioral context and the lateral influences of sensory
context can be obtained from the timing of the top-down influence
relative to stimulus onset. To address whether the differential effect of
task operated differently over the time course of neuronal responses,
we compared the post-stimulus time histograms (PSTHs) of neu-
ronal responses between the conditions when the stimulus flanks
were task-relevant and task-irrelevant. The difference started at the
beginning and lasted through the full time course of the neuronal
responses (Fig. 7).

DISCUSSION
We have previously shown that in monkey area V1, performing a
bisection task near the RF in the trained visual field changes contextual

ARTICLES

Figure 6 The color change had no significant effect on flank offset tuning
function. (a) Two examples of cells recorded while the animal did the
bisection task at the RF location with a central green and two flanking
white lines (black curve) and with three green lines (green curve).

(b) Comparison of the mean mutual information across the population of
cells (n = 24) between two test conditions (as illustrated in insets). +: the
mean value; red dots: Monte Carlo simulations.

influences with respect to a simple fixation task!®. In the present study,
centering the task stimulus directly on the RF enabled us to disam-
biguate the influence of spatial attention per se (attending to or away
from the RF location) from the influence of the perceptual task. As
with our earlier work on top-down effects!®33, the task-related effect
operated most powerfully on contextual influences. In the attending-
away conditions, however, the task-related effect was absent (Fig. 5).
These results suggest that the modulation of response properties of V1
neurons by perceptual task is neither global, because it was not seen
when the animal performed the task in the opposite hemifield several
degrees away from the RF, nor completely local, because it is seen when
the task is done near the RF!S.

The diversity of profiles of differential tuning curves is reminiscent
of the diversity of disparity-tuned cells in visual cortex. Disparity-
tuned neurons in the striate and prestriate cortex have disparity tun-
ing curves whose shapes provide the information necessary for
making fine-tuned depth judgments, including tuned-excitatory
(caret-shaped), tuned-inhibitory (V-shaped) and near and far (asym-
metric)®. The differential effects of task on offset tuning properties in
V1 had profiles that recall those seen for disparity tuning. We propose
that these neurons may collectively encode not only the absolute spa-
tial displacement information but also the sign (direction) of the off-
set relative to the RF, which is a requirement for performing the
discrimination tasks. This is reinforced by the increase in the asym-
metry index for the task-relevant conditions (Fig. 4b).

The finding that the task-relevant context produced tuning curves
with greater modulation than the task-irrelevant context provides a
possible neural basis for the discrimination involved in the trained
tasks. In one sense, this observation is consistent with the ‘competi-
tion model’ of selective attention (for review, see refs. 36-38).
However, the task-related modulation did not simply change the
gain of the cell, but instead changed the shape of the contextual tun-
ing curves. This differs from the multiplicative effects of space- or
feature-based attention®>*°. One might still consider this to be an
example of object-oriented attention??, where the ‘object’ is either
the three side-by-side lines or the three end-to-end lines. Whether or
not one wants to include these task-dependent effects under the
rubric of attention, the observation that the tuning properties of
neurons were so markedly changed suggests that these neurons were
altering their function to fit the requirements of the immediate per-
ceptual task, and in essence changing their ‘line-label’ according to
top-down signals. The broader implication is that, within certain
limits, V1 acts as an adaptive processing unit, executing different
algorithms according to the behavioral context. This idea is sup-
ported by the observation that neurons carried more information
about a stimulus attribute when the animal performed a task related
to that attribute (Fig. 4c). A further implication is that the improve-
ment in perceptual discriminability with training (Fig. 1d) might be
also associated with an increase in the mutual information between
V1 neuronal responses and the task stimuli.

That the differential effects of task began from the outset of the
neural responses suggests that the interaction between context and
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Figure 7 Population analysis of the timing of task-related effect.
Normalized and averaged PSTHs showing the time course of positive

(a) and negative (b) differential effects. Time O represents stimulus onset.
Time bin is 10 ms. Data from side- and end-flank offset tuning were
pooled in this analysis. The original PSTHs corresponding to each data
point on the offset tuning curve were normalized so that the area under the
PSTH at zero offset was set to 100%. For the population analysis, we
selected for each cell the pairs of normalized PSTHs in task-relevant and
task-irrelevant conditions that gave significantly different mean responses
(t-test, P< 0.01). At a given offset position of stimulus flanks the
differential effects could be positive or negative (see Figs. 2 and 3 for
examples), so the selected pairs of PSTHs across the population were
separately pooled and averaged for the positive (a) and negative (b) cases,
respectively. For both positive and negative differential effects, the
difference started at the beginning and lasted through the full time course
of the neuronal responses.

task was unlikely to occur in higher areas and subsequently to be fed
back to V1, but rather occurred within V1. In our experimental para-
digm, the top-down influence was likely to begin before stimulus
presentation because a block design with some leading cuing trials
was used. The top-down signal enables V1 neurons to multiplex
visual signals for different perceptual tasks. Between the alternative
possibilities of multiplexing (all cells participate in all perceptual
tasks) and compartmentalization (cells become specialized in one
task or another), our evidence suggests the former, with the same
cells capable of coding information about vernier or bisection
depending on the discrimination task. In fact, among the neurons
responding to the orientation of the lines in the stimulus array,
roughly half showed significant changes in their tuning according to
the current task. The small increase in mutual information in the
task-relevant condition relative to the irrelevant condition (Fig. 4c)
implies that a large number of cells may be required to obtain
enough information to reliably solve the task. A rough estimation of
the number of cells needed by an ideal observer on average to distin-
guish among the five different offset positions in stimuli is made as

follows. The five offset positions are equivalent to log,5 = 2.32 bit in
the binary system in which mutual information is usually quantified.
Let us assume that the spike counts of different cells are statistically
independent, that is, the mutual information contributed by each
cell is linearly additive, and that the difference between task-relevant
and irrelevant conditions is used in the bisection or vernier discrim-
ination task. For an average increase of 0.02 bit in mutual informa-
tion in side-flank modulation and 0.014 bit in end-flank modulation
(Fig. 4¢), a total of 116 neurons for the bisection task and 166 for the
vernier task would acquire the necessary 2.32 bit for reliable per-
formance in the task for an ideal observer. This estimate is an upper
bound for several reasons. As pointed out in Figure 4c, our estima-
tion of the mutual information is conservative as a result of pooling
conditions. Moreover, even in the task-irrelevant condition, the
mutual information in neuronal responses was not zero.

Our findings provide further evidence for the involvement of early
visual cortical areas in representing learned information. V1 might be
involved in this learning because of the high-resolution requirements
of the task (a few arc minutes of visual angle). V1 has been shown to
become involved in learned search tasks, whereby the learned shapes
have to be identified rapidly and in parallel within numerous distrac-
tors, requiring representation in retinotopically mapped areas?! (also
Sigman, M. and C.D.G., unpublished data). Here, we found that the
RF properties related to a task were present only when the animal was
executing the learned task. This would indicate that the information
related to a given shape would be represented at the level of subsets of
inputs to a cell, and that multiple learned shapes can be represented
by the same cells, greatly expanding the information carrying capacity
of V1.

METHODS

Stimulus and behavior protocols. Visual stimuli were generated by a VSG2/5
stimulus generator (Cambridge Research Systems) and consisted of oriented
anti-aliased 0.5 x 0.08° light bars. The background was gray of 6.5 cd/m?. Bar
contrast ranged between 15% and 60%. In the five-line stimulus array
(Fig. 1a), the central line was fixed in the RF center and the flanks were placed
near the edge of the RF. In different trials, the stimulus flanks were laterally dis-
placed in varying steps with step size of 0.1° or 0.15°. All lines were oriented at
the preferred orientation of the recorded neuron.

In stimulus presentation, all stimuli in the same task were randomized
within a block of trials, and different tasks were arranged in different blocks
and were preceded by a couple of cuing trials with only task-relevant lines
shown. Each stimulus was repeated 8-20 times in different trials. At trial out-
set, a 0.08° fixation point (FP) was displayed in the center of the screen. Eye
positions were sampled at 30 Hz by an infrared tracking system (Matsuda, K.
et al., Soc. Neurosci. Abstr. 26, 744.2, 2000). Within 600 ms after FP presenta-
tion, the animal was required to fixate within an invisible circular window of
0.4-0.5° in radius around the FP. After the animal maintained fixation for
191 ms (20 CRT frames at 105 Hz), the stimulus was presented for 476 ms.
Another 191 ms later, the FP was extinguished and two 0.15° saccade targets
were presented for 600 ms symmetrically around the screen center on an axis
orthogonal to the orientation of stimulus lines. The animal indicated its choice
by a saccade toward either target.

Animal preparation and electrophysiological recordings. Two adult monkeys
(Macaca mulatta) were trained to perform the discrimination tasks (Fig. 1, see
ref. 16 for details). Single units were recorded by a spike sorting and acquisi-
tion system (Plexon Inc.) with glass-coated platinum-iridium microelectrodes
(FHC, impedance 1-3 MQ at 1 KHz). All recordings were made from the oper-
cular surface of the striate cortex with eccentricities between 1.8 and 3.5° and
RF sizes between 0.5 and 1.5°, and were restricted to the superficial layers.
Recording tracks were skipped where cells were weakly orientation-selective or
strongly color-selective. All procedures were conducted in compliance with the
National Institutes of Health Guide for the Care and Use of Laboratory
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Animals and under approval of the Institutional Animal Care and Use
Committee at Rockefeller University.

Data analysis. The thresholds for bisection and vernier discrimination were
determined by the method of probits*?, with thresholds defined as the half-
distance between the 75% and 25% points on the psychometric curve (Fig. 1b,c).

The responses of individual cells were analyzed by comparing tuning
curves, while the behavior of the population was characterized by comparing
the averages of three measures for the task-relevant and task-irrelevant condi-
tion: the modulation index, the asymmetry index and the mutual information
between neuronal responses and the stimuli. The modulation index is the dif-
ference between the highest and lowest point of the tuning curve divided by
their sum. The asymmetry index is the absolute value of the average slope on
the tuning curve divided by the mean firing rate. The mutual information®*
(I(R;S)) was calculated with the probabilities of presenting a stimulus p(s)), the
probabilities of observing a particular number of spikes in the response p(r;)
and the conditional probabilities of observing a particular number of spikes in
the response for a given stimulus p(rls;):

p(rils')
| R;S:E E p( : s | 2—1

To calculate the probabilities p(r;) and p(ri|sj), the spike count was binned at
the standard deviation of the response to all stimulus conditions for a given
task and cell, rounded to the next integer. While changing the bin size from
30 to 300% of the standard deviation also changed the mutual information, it
had little effect on the difference between task-relevant and task-irrelevant
conditions because both had very similar limited sampling biases and regular-
ization losses from binning®.

After the neuronal response latency (50-70 ms after stimulus onset), a 400
ms window was used for the spike count. The population analysis used 51 of
the 66 recorded cells with at least 8 trials per stimulus pattern and thus 40 trials
when pooled over the positions irrelevant to the performed analysis.

The Monte Carlo simulation represents the null hypothesis that the differ-
ence in the population measures between two experimental conditions (e.g.,
the mean modulation index between task-relevant and task-irrelevant condi-
tions, Fig. 4a) resulted from random fluctuation of neuronal responses rather
than the difference in experimental conditions. In the simulation, for each
stimulus pattern and for each cell, individual trials were randomly assigned to
either of the two compared conditions, resulting in a binomial distribution of
trials from each condition.
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